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The interplay between vortex guiding and the Hall effect in superconducting Nb films with pe-
riodically arranged nanogrooves is studied via four-probe measurements in standard and Hall con-
figurations and accompanying theoretical modeling. The nanogrooves are milled by focused ion
beam and induce a symmetric pinning potential of the washboard type. The resistivity tensor of
the films is determined in the limit of small current densities at temperatures close to the critical
temperature for the fundamental matching configuration of the vortex lattice with respect to the
pinning nanolandscape. The angle between the current direction with respect to the grooves is set
at seven fixed values between 0◦ and 90◦. A sign change is observed in the temperature dependence
of the Hall resistivity ρ−⊥ of as-grown films in a narrow temperature range near Tc. By contrast,
for all nanopatterned films ρ−⊥ is nonzero in a broader temperature range below Tc, allowing us to
discriminate between two contributions in ρ−⊥, namely one contribution originating from the guided
vortex motion and the other one caused by the Hall anomaly just as in as-grown Nb films. All
four measured resistivity components are successfully fitted to analytical expressions derived within
the framework of a stochastic model of competing isotropic and anisotropic pinning. This provides
evidence of the model validity for the description of the resistive response of superconductor thin
films with washboard pinning nanolandscapes.
I. INTRODUCTION
Mixed-state Hall effect measurements represent a
widely used approach to study the nonlinear vortex dy-
namics in superconductors, both in flat and nanopat-
terned samples [1–19]. When a sample contains a direc-
tional pinning anisotropy, in normal-to-film plane mag-
netic fields H at not too strong current densities j di-
rected at an arbitrary tilt angle with respect to the
anisotropy axis of the pinning potential, the direction
of the vortex motion is deflected from the direction of
the Lorentz force FL = n(Φ0/c) j × z. Here n = ±1, Φ0
is the magnetic flux quantum, c is the speed of light,
and z is the unit vector in the direction of H. This
non-collinearity of the average vortex velocity v with
the direction of the Lorentz force FL is well known as
the vortex guiding effect, i. e. vortices move more eas-
ily along the pinning channels rather than overcome the
pinning barriers. Guided vortex motion has been exten-
sively studied in various pinning nanolandscapes [13, 20–
32], see e. g. [33] for a recent review. Vortex guiding is a
valuable “tool” for controlling the motion of vortices in
Abrikosov fluxonics [34].
In consequence of vortex guiding, an even-in-field
reversal transverse resistivity component ρ+⊥ appears
[33, 35, 36]. It shows up in addition to the Hall resistivity
component ρ−⊥ which is odd with regard to magnetic field
reversal. A conventional measure for the vortex guiding
effect is the guiding angle β between v and j [37–39]. For
this angle an analytical expression was derived in the
framework of a stochastic model of competing isotropic
and anisotropic pinning [37–39]. This model allows one
to describe the resistive response of a superconducting
film with an anisotropic pinning landscape of the wash-
board type in a perpendicular magnetic field as a function
of temperature, current value, and transport current tilt
angle α with respect to the pinning channels, refer to fig-
ure 1(a) for the geometry. Namely, the guiding angle β
is defined via cot β = −ρ+⊥/ρ+‖ , where ρ+‖ is the even-in-
field longitudinal resistivity component. Previously, an
analytical account for vortex guiding in two-dimensional
periodic pinning landscapes was given for the cases of in-
commensurate [21] and commensurate [22] vortex lattice.
An analytical description of the vortex guiding effect in
superconductors with anisotropic pinning was later on
elaborated for pinning landscapes of the washboard type
[36–39]. At the same time, a comparison of experimental
data acquired on superconductors with washboard pin-
ning nanostructures with the full set of derived expres-
sions [36–39] has not been done so far.
It has also been pointed out [36–39] and experimentally
confirmed [8, 29] that an additional longitudinal odd-in-
field resistivity component ρ−‖ appears in consequence of
the competing guided vortex motion and the Hall effect.
An analysis of the Hall resistivity ρ−⊥ is complicated by
the presence of a puzzling feature of ρ−⊥ in the vicinity of
the superconducting transition [2–7, 9–19, 29]. Namely,
the Hall resistivity often changes its sign as a function of
magnetic field and temperature; this is referred to as the
anomalous Hall effect. This anomaly of the mixed-state
Hall effect was observed in non-patterned samples [17] as
well as in samples with a directional pinning anisotropy
[29]. While a number of mechanisms have been proposed
to elucidate the nature of this anomaly, the physics be-
hind this phenomenon remains debatable so far, see [40]
for a voluminous series of suggested mechanisms.
On the assumption that the “bare” Hall coefficient αH
is constant, several resistivity scaling laws have been de-
rived theoretically for different pinning potentials. Vi-
nokur et al. [41] considered the momentum balance and
proposed a model where a system of interacting vortices
under quenched disorder and thermal noise follows a uni-
ar
X
iv
:1
60
4.
01
16
1v
1 
 [c
on
d-
ma
t.s
up
r-c
on
]  
5 A
pr
 20
16
2versal scaling law ρ⊥ ∝ ρ2‖, which is a general feature of
any isotropic vortex dynamics with an average pinning
force directed along the average vortex-velocity vector.
Wang et al. [42] considered backflow currents and ther-
mal fluctuations. They suggested that the scaling ex-
ponent varies from 2 to 1.5 as the pining strength in-
creases. Shklovskij et al. showed [36] for a washboard
pinning potential that the form of the corresponding scal-
ing relation is highly anisotropic since the pinning force
for anisotropic pins is directed perpendicular to the pin-
ning channels. The scaling law for the vortex motion
across the potential channels reads ρ⊥ ∝ ρ‖ that can be
interpreted as a scaling law with the exponent equal to
unity. More complicated scaling relations were derived in
Refs. [37–39] for the case of competing anisotropic and
isotropic pinning. The reason for this is that the Hall re-
sistivity can be represented as a sum of three terms with
different signs, see the last line in expression (4). This is
distinct from the Hall conductivity terms since the off-
diagonal components of the conductivity tensor are not
influenced by the presence of the isotopic and anisotropic
pins within the framework of this model [37–39].
On the experimental side, the most extensive work
was done to shed light on peculiarities of the Hall ef-
fect in high-temperature superconductors [3–7, 9–19]. An
anomaly of the Hall resistivity was also discussed for con-
ventional superconductors such as Pb [17], MgB2 [43],
and Nb [29]. In particular, self-organization was used
[29, 44] to provide semi-periodic, linearly extended pin-
ning “sites” by spontaneous facetting of m-plane sapphire
substrate surfaces on which Nb films were grown. It was
demonstrated [29] that a pronounced guiding of vortices
occurs. The authors of Ref. [29] succeeded to fit their
data for the longitudinal even-in-field resistivity compo-
nent to the theoretical expressions derived in Ref. [39].
However, the non-availability of non-patterned reference
samples did not allow the authors to discriminate the
anomalous Hall contribution from the guiding-induced
contribution to the odd transverse resistivity.
Recently, we studied the vortex guiding effect in Nb
films with focused ion beam-milled nanogroove arrays
[30]. A tunable guiding of vortices was observed when
the location of vortices in the assumed triangular vor-
tex lattice with lattice parameter a4 = (2Φ0/H
√
3)1/2
was adjusted by fine-tuning the magnetic field value H to
fulfill the geometrical matching condition a4 = 2a/
√
3,
where a is the period of the washboard nanolandscape.
In this way either the weak background isotropic pinning
between grooves or the strong anisotropic pinning at the
groove bottoms was probed by vortices. Employing the
theoretical model [39] for a saw-tooth washboard pinning
potential we were able to quantify the activation energies
of the anisotropic pinning at the groove bottoms and the
isotropic pinning between them.
Here, using a series of similar samples we extend that
study [30] to the full set of magneto-resistivity tensor
components and discuss the interplay of the vortex guid-
ing effect with the Hall effect in the mixed state by fitting
the resistivity data to the analytical expressions derived
within the framework of the stochastic model of compet-
ing isotropic and anisotropic pinning [37–39].
II. EXPERIMENT
The samples are eight 6-contact bridges defined by
conventional lithography in a 72 nm-thick Nb film. The
film was deposited by dc magnetron sputtering with a
sputtering rate of 1 nm/s in an ultra-high vacuum setup.
The substrate was an epitaxially-polished a-plane sap-
phire substrate kept at 850◦C during the deposition pro-
cess. Details of the morphology characterization of the
as-grown film are given in [45], where the film is referred
to as film C. Seven bridges were nanostructured with a
450 nm-periodic pinning profile shown in figure 1(b) by
focused ion beam milling. The parameters of the pat-
terning process were the same as in Ref. [30]. In each
bridge the grooves are tilted at an angle α of 0◦, 15◦,
30◦, 45◦, 60◦, 75◦, and 90◦ with respect to the direction
of the transport current, see figure 1(a) for geometry.
One bridge was left without grooves for documenting the
anomalous Hall effect in as-grown Nb films. The width
of the voltage contacts was 10µm, that is, a factor of
twenty larger than the spatial extend of one nanostruc-
ture period.
FIG. 1. (a) Experimental geometry of the four-probe mea-
surements in standard and Hall configurations. (b) Atomic
force microscope image of the nanogroove array on the surface
of the Nb film taken in non-contact mode. (c) Diagram of the
forces acting on a vortex. The system of coordinates xy with
the unit vectors x and y is associated with the pinning chan-
nels which are parallel to the vector y. The transport current
density vector j is applied at an angle α with respect to y. β
is the angle between the average velocity vector 〈v〉 and j and
it is a measure of the guiding effect. 〈Fap〉 is the average pin-
ning force induced by the washboard pinning landscape, 〈Fip〉
is the average pinning force induced by the uncorrelated dis-
order, FL is the Lorenz force for a vortex, FI is the effective
driving force, and B is the magnetic field vector.
3The electrical resistance was measured via four-probe
measurements in standard and Hall configurations under
normal-to-film plane magnetic field reversal (field “up”
and field “down”). The even and odd resistivity compo-
nents with respect to the field reversal were determined
according to the standard relations
ρ±‖,⊥ = [ρ‖,⊥(+H)± ρ‖,⊥(−H)]/2. (1)
All measurements were done at H = 8.8 mT corre-
sponding to the fundamental matching configuration of
vortices in a 450 nm-periodic washboard nanolandscape,
as shown in the inset to figure 2(a). At this field value
all vortices are pinned at the groove bottoms and there
are no interstitial vortices. For periodic pinning land-
scapes, like the one used here, it has been shown by com-
puter simulations [46] that for the fundamental matching
configuration the vortex-vortex interaction is effectively
cancelled. Provided the vortices move coherently, the dy-
namics of the entire vortex ensemble can be regarded as
that of the single average vortex in a mean pinning po-
tential, thus allowing one to employ single-vortex models
for analyzing the resistance data.
All samples are characterized by a superconducting
transition temperature Tc = 8.61 K. It was determined
at the lowest temperature at which the guiding angle
β(T ) = 90◦ for α 6= 0◦ and 90◦, see figure 3(a). The
thickness of the as-grown film ensured that Tc of all
nanopatterned bridges with a groove depth of 8± 0.5 nm
is equal to the transition temperature of the as-grown
film within an error of 0.01 K. All samples are charac-
terized by an upper critical field at zero temperature
Hc2(0) of about 1 T as deduced from fitting the depen-
dence Hc2(T ) to the phenomenological law Hc2(T ) =
Hc2(0)[1− (T/Tc)2].
III. RESULTS
The temperature dependences of the four resistance
components are shown in figure 2. The even longitudinal
resistance is normalized by the normal-state resistance
value, while the other components are scaled by their
respective maximum values. The acquired data demon-
strate a systematic anisotropic character. Namely, the
even longitudinal resistance component R+‖ (T ) in figure
2(a) exhibits smoother slopes with increasing α such that
a higher resistive state persists down to lower tempera-
tures. This is caused by the vortex guiding effect which
has been extensively discussed, e. g. in Ref. [30]. The
odd longitudinal resistance component R−‖ (T ) in figure
2(b) is characterized by a maximum at the position of
the most steep ascend of the R+‖ (T ) curves. On the
low-temperature side of the maximum one recognizes re-
sistance “tails” reminiscent of the behavior of R+‖ (T ).
The even transverse resistance component R+⊥(T ) in fig-
ure 2(c) is negative. It has a minimum for all angles
α 6= 0◦, 90◦ and vanishes upon reaching Tc. The deeper
minima are attained at α = 45◦ and 60◦. The R+⊥(T )
curves for α = 0◦ and 90◦ are zero in the entire tempera-
ture range. This can be understood as a consequence of
an absent guiding force component along the grooves in
these limiting cases.
The behavior of the R−⊥(T ) component in figure 2(d) is
most complex. The raw data for R−⊥(T ) for α = 75
◦ are
shown in the inset of figure 2(d) in comparison with the
R−⊥(T ) data for the non-patterned reference Nb film. The
Hall signal is nonzero in a narrow temperature range near
Tc. A sign change of the R
−
⊥(T ) component for the non-
structured reference bridge is observed at T1 ≈ 8.585 K
and it is attributed to the anomalous Hall effect in the
mixed state. Since this feature is an intrinsic prop-
erty of all as-grown samples, in the main panel of figure
2(d) we present the data for R−⊥(T ) with the reference
R−⊥(T )as−grown data subtracted. At lower temperatures
T < T1 the resulting curves R
−
⊥(T ) for α 6= 0◦ and 90◦
mimic the features of the component R+⊥(T ) having a
minimum which is most pronounced for intermediate an-
gles α. At the temperature T1 ≈ 8.585 K the component
R−⊥(T ) changes its sign from negative to positive as the
temperature increases. Between T1 and Tc the R
−
⊥(T )
curves exhibit a maximum which, again, is most pro-
nounced for the intermediate angles α.
Figure 3 displays the temperature dependences of
the two complementary measures for the guiding effect,
namely the guiding angle β(T ) = −arccotρ+⊥/ρ+‖ and the
electric field angle θE(T ), which is defined by expression
(6) and characterizes the nonlinear anisotropic mobility
of the vortices in the washboard nanolandscape. In fig-
ure 3(a) one sees that β ≈ α up to T = TFG ≈ 8.48 K.
This means that the full guiding (FG) of vortices takes
place in the temperature range T . TFG. With increas-
ing temperature a nonlinear crossover to β = 90◦ ensues.
The experimental data have a more pronounced scatter-
ing at lower temperatures since the measured resistive re-
sponses, especially their odd components, become more
noisy at low temperatures. Upon approaching the value
β = 90◦ the slope of β(T ) for α 6= 0◦ and 90◦ is well
defined. This allows us to use the lowest temperature
where β(T ) = 90◦ for the definition of the supercon-
ducting transition temperature Tc which will be used in
numerical simulations next.
IV. ANALYSIS AND DISCUSSION
To interpret the resistivity data related to the dynam-
ics of the whole vortex ensemble, we make use a rather
crude approximation that at the fundamental matching
field the effective vortex-vortex interaction is cancelled
and the vortex dynamics is coherent. When the vortices
move in the transverse pinning landscape at α = 0◦, the
coherence in the vortex motion becomes apparent in inde-
pendent experiments with superimposed dc and ac stim-
uli, leading to the appearance of quantum interference
4FIG. 2. Temperature dependences of the normalized (a) even longitudinal, (b) odd longitudinal, (c) even transverse and (d) odd
transverse resistance components at the matching field 8.8 mT and the current density 0.7 kA/cm2. Symbols: experiment, solid
lines: fits to expressions (4) with the parameters detailed in the text. Inset in (a): The vortex lattice configuration with lattice
parameter a4 = (2Φ0/H
√
3)1/2 and the matching condition a4 = 2a/
√
3 in the nanogroove array with the period a = 450 nm
at 8.8 mT. Inset in (b): The saw-tooth pinning potential used in the theoretical modeling. Inset in (d): The raw R−⊥(T ) data
for the sample with α = 75◦ and the reference R−⊥(T )as−grown Hall component in the as-grown Nb film. The shaded vertical
bars in all panels mark the temperature range in which the resistance components can no longer be fitted by expressions (4).
effects (Shapiro steps) in the current-voltage curves of
the samples [47, 48] and new effects in the microwave-
driven vortex dynamics [49–51]. When the field value is
tuned away from the matching condition, Shapiro steps
disappear due to the lack of coherence in the vortex mo-
tion. Although the assumption of the coherent motion of
the vortex lattice in transverse pinning landscapes is sup-
ported by the results of computer simulations [46] in the
limit of zero random pinning and without thermal fluctu-
ations at α = 0◦, this assumption is likely to be safe only
for the limiting cases of vortices moving strictly along
or across the guiding channels of the pinning potential.
In the general case of arbitrary α the long-range order
of the moving vortex lattice is not expected to hold [52]
and further effects originating from the long-range order
lack can not be accounted for. Still, being aware of its
limitations, we employ a single-vortex stochastic model
of competing isotropic and anisotropic pinning [39] for
analyzing the resistivity data at all α.
The modelling is performed on the basis of an exact
analytical solution [39] of the Langevin equation for a
vortex moving with velocity v in a magnetic fieldB = nB
with B ≡ |B|, n = nz, z being the unit vector in the z-
direction and n = ±1, viz.
η0v + nαHv × z = FL + Fap + Fip + Fth, (2)
5where FL = n(Φ0/c)j × z is the Lorentz force, Fap =
−∇Up(x) is the anisotropic pinning force induced by the
nanogroove array, Fip is the isotropic pinning force in-
duced by uncorrelated point-like disorder due to struc-
tural imperfectness of the samples, Fth is the thermal
fluctuation force, η0 is the vortex viscosity, and αH is
the Hall constant. A diagram of the forces acting on a
vortex is sketched in figure 1(c).
We use a model saw-tooth washboard pinning potential
of the following form
Up(x) =
 −Fpx, 0 6 x 6 b,Fp(x− 2b), b 6 x 6 2b,0, 2b 6 x 6 a, (3)
where Fp = U0/b is the pinning force with U0 being the
depth and 2b the width of the potential well, while a is the
period. The model pinning potential given by expression
(3) is shown in the inset to figure 2(b).
Within the framework of the model of competing
isotropic and anisotropic pinning [37–39] the following
expressions were derived for the resistivity components
ρ+‖ = ρf [sin
2 α+ νa cos
2 α]νi,
ρ−‖ = ρf [(sin
2 α+ νa cos
2 α)ν−i + ν
2
i ν
−
a cos
2 α],
ρ+⊥ = −ρfνi[1− νa] sinα cosα,
ρ−⊥ = ρf
{(
nνaν
2
i + [ν
−
a νi − ν−i (1− νa)]
)
sinα cosα
}
.
(4)
Here the subscripts “a” and “i” relate to the character-
istics of the anisotropic and isotropic pinning, ρf is the
flux-flow resistivity, and  ≡ αH/η0 is the dimensionless
Hall constant [? ]. The ν-functions have the physical
meaning of the effective mobility of the vortex in the
respective pinning potential. The last formula in expres-
sions (4) contains three terms with different signs. This
yields the possibility for ρ−⊥ to change its sign in some
range of the driving parameters, as analyzed in detail in
Ref. [39]. It should also be noted that the term ν−a de-
pends on  [39] that emphasizes the fact that both odd
resistivity components arise due to the competing guided
vortex motion and Hall effect.
From these expressions it follows [39] that
cot β = −ρ
+
⊥
ρ+‖
=
1− νa
tanα+ νa cotα
, (5)
where νa = νa(j, T ) is the effective mobility of the vortex
in the anisotropic pinning potential under the action of
the effective driving force FLx = FL cosα. In expression
(5) there is no term with subscript “i”. Hence, the guid-
ing angle β is not influenced by the background isotropic
pinning in the sample. This is due to the fact that its
contributions are cancelled in the ratio (5) since isotropic
pins only influence the magnitude of the average velocity
v, but not its direction [39]. Although this conclusion
follows within the framework of the single-vortex model
used, it should be noted that an effective transverse pin-
ning is known to emerge in the general case even if the
FIG. 3. Temperature dependences of the guiding angle β(T )
(a) and the electric field angle θE (b) at the matching field
8.8 mT and the current density 0.7 kA/cm2. Symbols: exper-
iment, solid lines: fits to formulae (5) and (6).
pinning distribution is isotropic [53]. Turning back to
Eq. (5), the limiting case β = α corresponds to the full
guiding of vortices, as opposed to the case β = 90◦ when
the direction of the vortex motion coincides with the di-
rection of the Lorentz force. The latter case is a conse-
quence of isotropization of the resistive response due to
the vanishing of the anisotropic pinning barriers under
the action of transport current and temperature.
Employing expression (5) to the experimental data in
figure 3(a) it is possible to experimentally deduce the ef-
fective anisotropic vortex mobility νa(T ) or, equivalently,
the angle θE(T ) between the electric field strength vector
E and j [9, 39] being
tan θE(α) = tanα/νa. (6)
It is easy to see that θE = α in the limiting case νa = 1
which corresponds to rather high temperatures and/or
strong currents. In the opposite limiting case θE = 90
◦.
The resistivity tensor components (4) and expressions
(5) and (6) for the angles β and θE were numerically
evaluated as a function of temperature in the temper-
ature range from 8 K to 8.61 K. The calculated curves
were fitted to the experimental data by variation of four
free parameters: the volume fractions of the pinning cen-
ters between the grooves εi and at the groove bottoms
εa, as well as the average depth of the pinning potential
6well between the grooves U0i and at the groove bottoms
U0a. While the characteristic lengths and energy scales
of the material are known to depend strongly on temper-
ature near Tc, two single temperature-independent effec-
tive values for each of the depths of the pinning potentials
are used in the framework of the employed model.
The best fits are shown by solid lines in figures 2
and 3. The curves are calculated for U0a = 6300 K,
U0i = 1944 K, εa = 0.23 and εi = 0.1. The definition of
the parameter ε = 2b/a, where a is the period of the pin-
ning potential, is shown in the inset to figure 2(b). The
ratio U0a/U0i is in line with the activation energies ratio
quantified earlier for Nb films with anisotropic pinning
[29, 30]. This points to the fact that the anisotropic pin-
ning in the investigated samples dominates the isotropic
one, as clearly seen in the temperature dependences of
the four resistivity components.
The evaluated curves nicely reproduce the experimen-
tal data up to a temperature of about 8.6 K, within a
fitting error less than 2%. In particular, expressions (4)
approximate well the experimental data up to Tfit =
8.605 K for the even resistivity components and up to
Tfit = 8.595 K for the odd resistivity components. Note
that T1 < Tfit < Tc, i. e., the fourth formula in expres-
sions (4) describes well the sign reversal of the transverse
odd resistivity component, after subtraction of the refer-
ence Hall signal in the as-grown film. Near Tc, the fits to
expressions (4) are no longer possible since the transition
to the normal state is not captured in the model of com-
peting anisotropic and isotropic pinning [37–39]. A good
agreement between the numerically evaluated expressions
(4) and the experimental data also becomes apparent in
figure 3 for the guiding angle β and the electric field angle
θE . This provides evidence of the model validity for the
description of the resistive response of superconductor
thin films with washboard pinning nanolandscapes.
V. CONCLUSION
To summarize, the interplay between vortex guiding
and the Hall effect in superconducting Nb films with
periodically arranged nanogrooves has been studied via
four-probe measurements in standard and Hall config-
urations and accompanying theoretical modeling. The
temperature dependences of the four magnetoresistivity
components of Nb films were measured for seven differ-
ent current angle values with respect to the guiding di-
rection of a washboard nanolandscape in Nb thin films
under magnetic field reversal. All four resistivity com-
ponents, the guiding angle β and the electric field an-
gle θE have been fitted well to the theoretical expres-
sions derived within the framework of a stochastic model
of competing anisotropic and isotropic pinning [37–39],
with one and the same set of fitting parameters. A sign
change has been observed in the temperature dependence
of the Hall resistivity ρ−⊥ of as-grown films in a narrow
temperature range near Tc. By contrast, for all nanopat-
terned films ρ−⊥ is nonzero in a broader temperature range
below Tc, that has allowed us to discriminate between
two contributions in ρ−⊥, namely the contribution origi-
nating from the guided vortex motion in the washboard
pinning nanolandscape and the other one caused by the
Hall anomaly in as-grown Nb films. Although the sign
change of the Hall resistivity in superconductors remains
a puzzling problem having no ultimate explanation so
far, we have shown that the guiding-induced contribu-
tion to ρ−⊥ can be approximated well by the theoretical
expressions derived within the framework of the stochas-
tic model of competing anisotropic and isotropic pinning.
All in all, the reported results provide further evidence of
the validity of the theoretical model [37–39] of compet-
ing anisotropic and isotropic pinning for the description
of the resistive properties of superconductors with wash-
board pinning nanolandscapes.
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